Abstract: Transpiration is a significant component of the hydrologic cycle and its accurate quantification is critical for modelling, industry, and policy decisions. Sap flow sensors provide a low cost and practical method to measure transpiration. Various methods to measure sap flow are available and a popular family of methods is known as heat pulse velocity (HPV). Theory on thermal conductance and convection, that underpins HPV methods, suggests transpiration can be directly estimated from sensor measurements without the need for laborious calibrations. To test this accuracy, transpiration estimated from HPV sensors is compared with an independent measure of plant water use such as a weighing lysimeter. A meta-analysis of the literature that explicitly tested the accuracy of a HPV sensors against an independent measure of transpiration was conducted. Data from linear regression analysis was collated where an R 2 of 1 indicates perfect precision and a slope of 1 of the linear regression curve indicates perfect accuracy. The average R 2 and slope from all studies was 0.822 and 0.860, respectively. However, the overall error, or deviation from real transpiration values, was 34.706%. The results indicate that HPV sensors are precise in correlating heat velocity with rates of transpiration, but poor in quantifying transpiration. Various sources of error in converting heat velocity into sap velocity and sap flow are discussed including probe misalignment, wound corrections, thermal diffusivity, stem water content, placement of sensors in sapwood, and scaling of point measurements to whole plants. Where whole plant water use or transpiration is required in a study, it is recommended that all sap flow sensors are calibrated against an independent measure of transpiration.
Introduction
Transpiration, the water loss from plants, is a significant component of the hydrologic cycle. Understanding transpiration is important for agriculture and horticulture, as well as modelling plant and ecosystem responses to climate change. Yet, a commonly used approach to estimate transpiration-sap flow methods-are usually inaccurate. Why these methods are inaccurate and how their accuracy can be improved is the focus of this review.
The quantity of water loss from plants is non-trivial and correlates to the size of a plant. Transpiration of corn, a 4 m tall Acacia tree, and a 60 m tall Eucalyptus tree is approximately 4, 10, and 800 L per day, respectively [1] [2] [3] . When these values are scaled to plots, forests or catchments, the amount of water loss is in the order of thousands to millions of liters. Such large numbers can significantly influence the interpretation of models as well as management or policy decisions. Therefore, it is important to know that transpiration measurements are accurate.
Various methods to measure transpiration in the field have long been employed and include weighing lysimeters [4] , leaf or canopy conductance/resistance [5] , and sap flow [6] . In practice, weighing lysimeters and canopy conductance instruments are expensive and impractical for any tree greater than a few meters in height. Leaf conductance instruments manually measure a small area of a single leaf and may not adequately capture spatial and temporal dynamics of whole tree water use. Sap flow sensors, on the other hand, provide a practical means to measure transpiration in trees [7] .
Sap flow, in relation to transpiration, is the movement of fluid in the xylem of plants and is not to be confused with the sap in phloem. On short time scales of minutes to hours, sap flow can be directed towards physiological processes, such as stem water storage or photosynthesis in leaves, but over a longer time scale of one or several days approximately 99% is lost from the plant as transpiration [8] . Therefore, sap flow measurements are commonly used as a close approximation of transpiration.
There are various types of sap flow sensors, based on theoretical and empirical methods, but all of them rely on measuring temperature changes in the xylem following the application of heat [7, 9] . Sap flow measurements are mostly conducted with sensors based on thermal dissipation, heat balance, or heat pulse velocity (HPV) methods [7] . The thermal dissipation and heat balance require continuous heat application to the plant and measure mass heat flow whereas HPV methods require a periodic pulse of heat and measure its velocity. Therefore, transpiration is estimated not on sap flow, per se, rather the transfer and movement of heat within the xylem.
Sap flow sensors are advantageous as they can potentially estimate transpiration without the need for sensor calibration. This is an advantage as many sensors can be deployed across disparate species, with varying anatomies, saving the time and expense of laborious calibrations. However, a significant amount of research has demonstrated that, despite careful installation and the inclusion of correction factors, sap flow sensors are not reliable in direct estimations of transpiration. This review focuses on a commonly used family of sap flow methods-heat pulse velocity (HPV) methods-to demonstrate the limitations of sap flow sensors, where inaccuracies lie, and possible mechanisms to improve sensor accuracy.
Heat Pulse Velocity Methods
HPV sensors are popular for sap flow measurements due to relatively low costs, low power requirements, and low maintenance [9] . A HPV sensor consists of a heater probe and one or more temperature probes inserted radially into the xylem. A heat pulse acts as a tracer within the sap stream, and temperature sensors measure change in temperature. Heat within the plant's xylem is transferred via conduction (i.e., thermal diffusivity/conductivity) or convection (i.e., sap movement or flow). HPV sensors only measure heat velocity and conversion factors are required to calculate sap velocity and sap flow.
Currently, there are seven known theoretical methods, and several empirical or dual methods, to determine HPV and sap flow. Four of the seven theoretical methods have been extensively tested and include the compensation heat pulse method (CHPM, [10] ), heat ratio method (HRM, [11, 12] ), T-max method [13] , and Sapflow+ method [14] . The methods have been reviewed extensively elsewhere [9, 12, [15] [16] [17] [18] . Briefly, following a heat pulse, the CHPM measures the time for temperatures to be equal in sensors installed upstream and downstream to the heater probe. The HRM measures the ratio of temperature rise in the downstream to upstream temperature probes 60 s following a heat pulse. The T-max method measures the time at which there is a maximum temperature rise in the downstream temperature probe following a heat pulse. The Sapflow+ method finds temperature changes in a downstream, upstream and tangential (adjacent) temperature probes following a heat pulse. Pearsall et al. [19] combined the CHPM and HRM methods into a Dual Heat Pulse Method.
The Accuracy of HPV Sensors
The accuracy of the four theoretical HPV methods, and one dual method, was assessed as part of this review. Researchers test the accuracy of HPV sensors against an independent method of measuring plant water use including weighing lysimeters (e.g., [14, 19] ), leaf or canopy gas exchange chambers (e.g., [20] [21] [22] ), or potometers (e.g., [23, 24] ). Several published papers have tested the accuracy of HPV sensors and a meta-analysis of this literature was conducted.
Data was collated from every peer-reviewed published paper where the HPV sensor was tested against an independent measure of plant water use. In the literature, there were a variety of independent measures of plant water use including potometers, weighing lysimeters, leaf and canopy gas exchange, finite element modelling, and a stem heat balance sensor (Supplementary Materials). The studies listed in Supplementary Materials had the explicit aim to test the accuracy and precision of a HPV sensor or method. Therefore, it is assumed that the authors of the publications listed in Supplementary Materials tested the HPV sensor against an accurate independent measure of plant water use.
Data analysis in the literature was in the form of a linear regression analysis:
where the dependent variable (y) is transpiration measured via HPV sensor, the independent variable (x) is the independent method of measuring transpiration, β is the slope and α is the intercept. From each published result, the regression co-efficient (R 2 ) and the slope (β) of the linear regression curve was collated and analyzed for the meta-analysis. The R 2 is an indication of measurement precision; and β is an indication of measurement bias where a slope of 1 indicates no bias, a slope <1 indicates an underestimation and a slope >1 indicates an overestimation of true plant water use. A third variable, deviation from slope, was determined by calculating the percent deviation of the observed slope from 1. The deviation from slope indicates the overall accuracy of the method.
A summary of the results is presented in Table 1 and Figure 1 . Complete results collated from the literature can be found in Supplementary Materials. Table 1 also presents the minimum and maximum measurement ranges for the respective HPV methods that was also collated from the literature.
Overall, the precision of the HPV methods was an average R 2 of 0.822 with the Sapflow+ method having the greatest precision of 0.986 (Table 1 ). The linear regression had an average slope of 0.860 with the Dual Heat Pulse Method having a slope closest to 1 with 1.071. The deviation of the slope was an average 34.706% with the HRM having the least deviation with an average of 16.949%. These results suggest that the HPV methods have high precision but a bias towards underestimating true plant water use. Table 1 . A summary of descriptive statistics derived from the meta-analysis of research on the accuracy of HPV methods against an independent measurement of plant water use. Values for R 2 , slope, and deviation from slope are means from the studies compiled in Supplementary Materials. The results from Table 1 and Figure 1 possibly suggest where the HPV methods are inaccurate in measuring true plant water use. All HPV methods are precise and reproducible therefore the methods are excellent at correlating thermal conductance and convection with rates of water use in plants. However, all HPV methods are inaccurate, with a large deviation from the slope, which suggests there are problems with converting heat velocity into sap velocity, sap flow, and total plant water use.
Method

Sources of Error
Measurement Range
A major difference between HPV methods is their limited measurement range ( Table 1 ). The CHPM and T-max methods cannot measure slow or reverse flows [16] and the HRM cannot measure high flows [25] . The Sapflow+ and Dual Pulse methods can measure a wide range of flows [14, 19] .
A limited measurement range means that transpiration over a certain period of the day will not be recorded. For example, approximately 12% of sap flow occurs at night under slow flow conditions [26] which the CHPM and T-max methods may not be able to measure [27] . High rates of sap flow or transpiration occur during the middle of the day and the HRM cannot measure such flows [19] . During such periods, measurements from HRM sensors will not be missing, rather there will be a plateau, or even decline, in heat velocity [19] . The limited measurement range of respective HPV methods is potentially a significant source of error.
Probe Misalignment
During sensor installation, it is common for the temperature probes to be installed at a slight angle to the heater probe. Despite guides, it is almost impossible to install probes exactly parallel. The results from Table 1 and Figure 1 possibly suggest where the HPV methods are inaccurate in measuring true plant water use. All HPV methods are precise and reproducible therefore the methods are excellent at correlating thermal conductance and convection with rates of water use in plants. However, all HPV methods are inaccurate, with a large deviation from the slope, which suggests there are problems with converting heat velocity into sap velocity, sap flow, and total plant water use.
Sources of Error
Measurement Range
A major difference between HPV methods is their limited measurement range ( Table 1) . The CHPM and T-max methods cannot measure slow or reverse flows [16] and the HRM cannot measure high flows [25] . The Sapflow+ and Dual Pulse methods can measure a wide range of flows [14, 19] .
Probe Misalignment
During sensor installation, it is common for the temperature probes to be installed at a slight angle to the heater probe. Despite guides, it is almost impossible to install probes exactly parallel. Probe misalignment can lead to large errors as HPV calculations are highly sensitive to the distance between the heater and the probes. For example, an error in spacing of 2 mm led to a 100% error in sap velocity estimations for a potted tree sapling, Eucalyptus marginata, with a HRM based sensor [15] . Additionally, the placement of HPV sensors requires the heater and downstream and upstream probes to be installed in a common virtual plane parallel to axial flow direction in the xylem. This condition can also be difficult to achieve with perfect accuracy because of either lateral probe misalignments or difficulties associated to 'no vertical' sap flow ascent (e.g., species with convolute xylem); and is far more challenging to correct. Generally, probe misalignment can lead to either an over or underestimation of transpiration.
HPV methods that have fewer probes, such as the T-max method, will have less chance of errors associated with probe misalignment. For other methods, correcting for probe misalignment is achieved by applying a correction to the data set [12] . This requires establishing a zero-flow offset by noting the value when sap flow should be zero and applying this value to the sap flow data set. A period of zero sap flow can be artificially induced by cutting the stem below the sensor. Where this destructive approach is not possible, zero sap flow will occur during periods when there is no biophysical driving force. Such a condition is met at pre-dawn when soil moisture is saturated or at field capacity and when atmospheric vapor pressure deficit is zero. Alternatively, Ren et al. [28] proposed a method for in situ correction of probe misalignment. Although probe misalignment is likely the most common source of error associated with sap flow measurements [12] , it is easily corrected and should not impact overall estimates of plant water use.
Wounding
Wounding of xylem tissue is a significant source of error in sap flow measurements. Wounding is caused by drilling and insertion of probes into living plant tissue. The drill hole is part of the wound and the plant can respond to drilling by forming tyloses [29] . Wounding can lead to underestimation of actual sap velocity by between 50% and 90% [16, 30] .
Although the issue of wounding is widely recognized, accurate measurement and corrections for wounding often lacks rigor. For example, a common approach is to measure the wound width at the end of a measurement campaign. However, wounding is dynamic and should be measured periodically throughout the campaign (e.g., [31] ). The magnitude of wound is unpredictable and is dependent on individual plants, stem anatomy, and/or drilling technique during probe installation. Therefore, periodic observation and measurement of the wound is required.
Wound correction factors are available to convert heat velocity (V h ) to corrected heat velocity (V c ). Correction factors for wounding can be created for specific species, probe materials, or HPV method. The procedure for determining wound correction factors is, however, highly complex and involves finite-difference numerical modelling [30] . Many studies rely on published tables that list correction factors for T-max, CHPM, and HRM [12, 16, 30, 32] . Further research is required to determine the generality of these published correction factors and how they may influence estimates of sap flow and transpiration. However, current evidence suggests that wound width has a much larger effect than probe material, so calibration factors based only on wound width are expected to be sufficient for a given sensor configuration [16, 30] .
Thermal Diffusivity or Conductivity
HPV methods are based on theoretical models of thermal convection and conductance/diffusivity of materials. In xylem, thermal convection is the sap movement and thermal diffusivity is the 'natural' movement of heat through cell walls, intercellular space, and fluids. For the CHPM, thermal diffusivity is compensated via the probe configuration whereas thermal diffusivity must be explicitly estimated for the T-max, HRM, and Sapflow+ methods [9] .
Many studies, particularly those employing HRM, use Marshall's [11] default thermal diffusivity value of 2.5 × 10 −3 cm 2 ·s −1 (e.g., [33] ). Other studies that do measure thermal diffusivity only do so once typically at the end of a measurement campaign (e.g., [34] ). However, thermal diffusivity can vary significantly from the default value and throughout the measurement period [35] . Consequently, miscalculations of thermal diffusivity can lead to errors in heat and sap velocity calculations and, subsequently, either an over or underestimation of transpiration.
Various methods are available to measure thermal diffusivity or conductivity in plant stems. For example, the T-max method calculates thermal diffusivity when there is zero sap flow [13] and the method has been improved upon [36] . Looker et al. [35] performed an in-depth review of thermal diffusivity methods and recommended the method of Vandegehuchte and Steppe [37] for HPV studies.
Stem Moisture Content
Probe misalignment, wounding, and thermal diffusivity influence V c . Once this parameter has been calculated, it is necessary to convert V c to sap velocity (J v ) which requires the addition of stem properties such as moisture content and wood density [29, 38] :
where ρ b and ρ s are the basic density of wood and water, respectively, C w and C s are the specific heat capacity of wood and sap, respectively, and m c is sapwood moisture content. The parameters ρ s , C w , and C s are constants whereas ρ b and m c need to be measured and are commonly measured once at the end of a campaign (e.g., [39] ). Although ρ b does not vary throughout the measurement period, m c can change up to 70% on a daily and seasonal basis [14, 40, 41 ]. An incorrect measurement of m c can lead to either an over or underestimation of transpiration. Typically, the dynamic nature of m c is ignored in sap flow and transpiration calculations. Errors in m c estimates were shown to lead to a 7% to 9% error in Fagus grandifolia and Populus tremuloides J v estimates via a HRM and CHPM sensor, respectively [42, 43] . However, in recent years greater attention has been given to accurate and dynamic measurements of m c [44] . Importantly, it is increasingly recognized that HPV sensors can simultaneously measure sap flow and m c (e.g., [14, 40] ).
Sapwood Radial and Azimuthal Variability
Once J v has been calculated, whole plant sap flow (Q) can be estimated by the multiplication of J v by the conducting xylem area (A) [12] :
There are several potential significant sources of error in this simple calculation. For example, sapwood area can be difficult to measure accurately due to heterogenous tree structure. Additionally, the transitional zone between conducting (sapwood) and non-conducting (heartwood) xylem can be ambiguous with different measurement techniques yielding different results [45] . In some studies, the sampled tree cannot be measured due to its heritage or inherent value and sapwood area must be estimated by measuring nearby trees or from allometric equations.
Another significant source of error is not correctly measuring radial and azimuthal sap flow. The amount of sap flow varies between the outside and inside of the sapwood where, typically, sap flow is highest towards the outside [46] . Sensors that only have a single measurement point along the radial profile will either under or overestimate total sap flow therefore multi-point probes will improve accuracy [46, 47] .
Sap flow also differs around the circumference of the tree due to the sapwood variability [46] . The number of sampling points required to adequately capture radial and azimuthal J v variations is difficult to determine. However, there have been efforts to estimate the optimal number of sampling points. For example, Dye et al. [48] estimated that a minimum of 12 sampling points will be required for pine trees with a stem diameter between 12 and 22 cm. Other researchers have developed models to estimate radial patterns of J v (e.g., [47, 49] ). Adequate sapwood sampling, combined with rigorous models, will lead to accurate estimates of Q from J v point measurements.
Measurement Zone of Influence and Positioning of Sensors
HPV sensors measure sap velocity dynamics at a single point, or measurement zone, in the xylem tissue. However, there has been little research on the actual radius of this point. The best estimates are between a 0.3 and 0.5 cm radius [11, [50] [51] [52] . Extreme caution, then, needs to be taken when extrapolating V c and J v to Q from the small area measured by a single point temperature sensor, particularly in large trees.
If the measurement zone of a temperature sensor is taken as a conservative 0.5 cm radius, then sensors positioned within <0.5 cm from the bark, phloem or heartwood are potentially measuring thermal dynamics of non-conducting plant tissue. Temperature sensors may also be positioned on the boundaries between early and late season wood. How these sensor positions affect HPV estimates is not known. However, Dye et al. [48] noted that HPV was higher in summer wood versus winter wood in Pinus patula. Temperature sensor positions proximal to bark or heartwood will most likely underestimate HPV. Positioning of sensors in species with ring-porous or diffuse-porous xylem anatomies should also be considered carefully for accurate estimates of total sap flow and transpiration [53] .
Discussion
This review highlighted that a commonly used approach to estimate transpiration, HPV sap flow sensors, had an average error of 34.706%. Although some studies did accurately estimate transpiration, there was a tendency for HPV methods to underestimate transpiration.
Although this review focused on the HPV family of sap flow methods it was not intended to demonstrate that this method is inherently flawed and that alternative sap flow methods are superior. Another popular sap flow method, the thermal dissipation or Granier method, has also been demonstrated to underestimate transpiration with as much, or more, error than HPV methods [9, 24, 43] . Rather, this review is a caution to scientists to not rely on theoretical calculations of transpiration from HPV or any sap flow method. If an estimation of transpiration is the aim of a study, HPV sap flow sensors can certainly be deployed, but they must be carefully calibrated [21, 43] . Any study that presents transpiration data from uncalibrated sap flow sensors should be regarded with extreme caution.
Recently, there has been considerable research on improving HPV methods through refining theoretical approaches, or the proposal of empirical or practical based approaches. For example, a newly proposed theoretical method, the single-probe heat pulse (SPHP) method, requires only a single probe rather than the traditional two or three probe configurations [54] . The SPHP will improve errors associated with probe misalignment. However, it still has a limited measurement range, similar to the CHPM, and is impractical at slow or reverse flow. The empirical gradients methods, such as the calibrated averaged gradients method [55] , the symmetrical gradient method or the maximum derivative method [56] aims to extend the limited measurement ranges of T-max, CHPM, and HRM. These empirical methods have been shown to excellent in extending the limited measurement range of T-max, CHPM, and HRM. However, these alternative methods do not improve overall accuracy of transpiration estimates as they are still encumbered by sources of error discussed above. HPV methods have been demonstrated to have an excellent correlation with relative changes in transpiration but cannot accurately estimate the amount of transpiration. Currently, existing and newly proposed methods have not improved the accuracy of transpiration estimates. Greater accuracy will be achieved by improving dynamic measurements of wounding, stem moisture content and wood thermal diffusivity [9, 35] . The appropriate placement of sensors in sapwood is also critical.
For example, Pearsall et al. [19] noted the high variability in the accuracy of the Dual Heat Pulse Method was largely due to the difficulties in accurate placement of HPV sensors in the sapwood of grapevines.
Sap flow sensors can still reliably be deployed without the need for calibration depending on the application. Relative rates of sap flow, or correlated sap flow responses to biotic or abiotic variables, do not necessarily require calibrated sensors. For example, Doronila and Forster [57] demonstrated how peak diurnal sap flow differed across three co-occurring Eucalyptus species in response to heat waves, vapor pressure deficit (VPD), and temperature. Burgess and Dawson [58] used normalized sap flow rates to determine the capacitance of trees. In these and similar studies, the relative, directional rate, or timing of sap flow was of primary interest and negated the need for sensor calibration.
Conclusions
Sap flow sensors are a low-cost and practical option to measure tree transpiration. However, there remain significant errors with theoretical and empirical equations that aim to directly estimate transpiration from thermal based measurements. The heat pulse velocity based methods are excellent in correlating relative changes in transpiration rates but exhibit large errors in estimating amounts of transpiration. Where whole plant water use or the amount of transpiration is of primary interest, sap flow sensors must be calibrated.
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